Summary. Splenic white pulp of the Aleutian skate (Bathyraja aleutica), an elasmobranch, was investigated using light and transmission electron microscopy. The major cellular constituent was plasma cells, of the typical Marshalko type, characterized by well developed rough-endoplasmic reticulum and a Golgi complex. The morphology of the rough-endoplasmic reticulum was variable, being lamellar in some cells and spherical in others. Plasma cells with distended cisternae of rough-endoplasmic reticulum and cells with Russel bodies were often observed. Only a small number of lymphocytes were encountered. These findings indicate that the splenic white pulp is the major site for immunoglobulin production in this fish, thus confirming our previous immunocytochemical observation. Globules presumably containing immunoglobulin were found consistently associated with the Golgi complex. The secretion mechanism of immunoglobulin by plasma cells is discussed in connection with the globules.
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The Aleutian skate, Bathyraja aleutica, which belongs to Rajiformes, an order of the elasmobranch, is a unique animal living in the deep sea (TESHIMA and TOMONAGA, 1986a) . We previously found that it had a well-developed spleen while possibly functioned as a bursal equivalent organ . Furthermore, the spleen anlage develops during early stages of ontogeny (TESHIMA and TOMONAGA,1986b) . In this study we examined splenic white pulps of the Aleutian skate morphologically and immunocytochemically, and found the presence of numerous typical plasma cells therein.
MATERIALS AND METHODS

Experimental animal
Four adult Aleutian skates, Bathyraja aleutica, disk width 595-866mm, body weight 6-12 kg, were caught from waters around the Aleutian Islands by trawling (TESHIMA and TOMONAGA, 1986a) .
Light microscopy Tissues of the skate including the spleen, mucous membrane of the esophagus (Leydig organ), intestine, and interstitial tissue of the gonad (epigonal organ) were fixed in 10% fommalin aboard the collecting vessel and brought to the laboratory for histological examination.
Paraffin embedded tissues were sectioned and stained with hematoxylin and eosin or methyl green and pyronine. Areas of splenic white pulps were measured quantitatively weighing white pulps in light micrographs of whole sections.
Immunocytochemistry
Portions of f ormalin fixed organs including spleens, intestines, Leydig and epigonal organs were frozen and sliced into 10um sections on a cryostat, Bright OT/FAS (England), at -20C, and stored in a refrigerator at 4C until use. Localization of immunoglobulin (Ig)-forming cells in frozen sections was examined immunocytochemically using tetramethylrhodamine isothyocyanate (TRITC) labeled rabbit anti-skate high molecular weight immunoglobulin (HMW Ig), fluorescence isothyocyanate (FITC) labeled rabbit anti-skate low molecular weight immunoglobulin (LMW Ig) and horseradish peroxidase (HRP) labeled rabbit anti-skate Ig light chain .
Electron microscopy
Spleens were also fixed in a solution of 2% glutaraldehyde in 0.2M sodium cacodylate buffer, pH 7.5 for several hours and stored in a cacodylate buffer solution until the material was brought to the laboratory. Fixed tissues of the spleen were then postfixed in 2% osimium tetroxide in 0.2M cacodylate buffer, pH 7.5 for 1h, dehydrated in an alcohol series, and embedded in Epon 812. Ultrathin sections made with an LKB Ultrotome Nova were stained with uranyl acetate and lead citrate and examined with a JEM-2000X electron microscope (Japan Electron Optics Ltd.).
RESULTS
Light microscopy
Spleen
The white pulp was easily recognized macroscopically in fresh or fixed spleens and observed microscopically as a distinct area (Fig. 1) . The ratio of the white to red pulp was approximately 1: 3.8 according to our quantitative analysis of the tissue sections. Ellipsoids were extensively developed in the red pulp ( Fig. 1 ). Most cells in the white pulp appeared to be oval or irregular in shape with rather wide and basophilic (Pyroninophilic) cytoplasm and an eccentric nucleus (Fig. 2 ). These cells were thought to be typical Marshalko type plasma cells, resembling those in mammals. The number of lymphocytes in the white pulp was unexpectedly small; granulocytes, filled with coarse cytoplasmic granules, could seldom be encountered. Around the ellipsoids in the red pulp, only a few lymphoid cells and plasma cells were found.
Intestine, Leydig and epigonal organs Plasma cells were also found in the intestinal mucosa. Although the Leydig organ in the esophagus and the epigonal organs contained lymphoid foci in the myelopoietic tissues, the number of plasma cells was limited.
Ig forming cells Numerous cells in the white pulp were stained with a HRP-labeled anti-skate Ig light chain (Fig. 3) . In double immunofluorescence staining with TRITClabeled anti-skate HMW Ig and FITC-labeled antiskate LMW Ig, most cells in the white pulp were stained either red or green (Fig. 4) Immunoreactive cells were also detected in lymphoid tissues of intestinal mucosa, Leydig and epigonal organs, although they were limited in number.
Electron microscopy of the white pulp The presence of numerous plasma cells in the white pulp was confirmed by transmission electron microscopy (Figs. 5-12 ). Macrophages, reticulum cells and lymphocytes were found in the white pulp as its cellular constituents. Plasma cells were morphologically identical to mammalian plasma cells. The major characteristic was the presence of numerous roughsurfaced endoplasmic reticulum and a well developed Golgi complex. The structure of the rough-endoplasmic reticulum was variable, being lamellar in some cells and vesicular or spherical in others. The Golgi complex of the cell was composed of several flattened cisternae and vesicles. Globules, filled with condensed substances, were found consistently nearby the Golgi complex (Figs. 6, 11) .
Certain plasma cells possessed, in the cisternal lumen of the rough-endoplasmic reticulum, electron dense spherical granules similar to Russel bodies in mammalian plasma cells (Fig. 8) . The plasma cells with extremely dilated cisternae of rough-endoplasmic reticulum were frequently observed in splenic white pulp (Figs. 9, 10) ; such cells often showed pyknotic nuclei (Fig. 10) . Degenerating plasma cells with electron dense hyaloplasm in addition to pyknotic nuclei were also detected. Lymphoid cells with a small amount of rough-endoplasmic reticulum, which may represent immature stages of plasma cell differentiation, were also observed (Fig. 12) .
DISCUSSION
The occurrence of plasma cells in the spleens of elasmobranchs was originally reported by ENGLE et al. (1958) and later described by GooD and his colleagues (1966) in their extensive phylogenetic studies of the immune system. However, it has generally become known that the number of splenic plasma cells from unimmunized normal elasmobranchs is rather limited, the major cells in the white pulp being lymphocytes (CORBEL, 1975; ZAPATA, 1980; PULSFORD et al., 1982) . The present ultrastructural results demonstrated definitely the presence of numerous, typical Marshalko type plasma cells in the splenic white pulps of Aleutian skate. In our own studies on immunoglobulin (1g) and Ig-forming cells of elasmobranchs, we did confirm the general occurrence of an IgM type high molecular weight Ig (HMW Ig) and its producing cells in most species ToMo-NAGA et al., 1985 , 1986 . In addition, we found the presence of a second class of low molecular weight Ig (LMW Ig), along with the IgM type HMW Ig in several species of skates including the Aleutian skate . The second Ig was characterized by smaller heavy chains and its unique antigenicity KOBAYASHI and TOMONAGA, 1988) . We named the second Ig "IgR", because it was Various forms of plasma cells. The cell shown in Fig. 7 represents a rather immature form compared with those in Figures 5 and 6 . An electron dense substance is seen in the cisternae of rough-endoplasmic reticulum (arrows in Fig. 8 ). Dilated cisternae of rough-endoplasmic reticulum are seen in Figs. 9 and 10 and the nucleus shown in Fig. 10 is pyknotic (pn) . Figs. 7, 9, 10: x6,000, Fig found in all species examined which belong to the order Rajiformes (KOBAYASHI and TOMONAGA, 1988) . We also demonstrated the presence of two populations of Ig-forming cells, IgM (HMW Ig)-forming cells and IgR (LMW Ig)-forming cells, using immunofluorescence double staining technique KOBAYASHI et al., 1985) . These findings indicate that elasmobranchs belonging to Rajiformes are important animals from the evolutionary viewpoint of Ig gene diversification.
The detection of numerous Ig-producing cells in the splenic white pulp of the Aleutian skate by immunocytochemistry and typical plasma cells by transmission electron microscopy in the same tissues in the present study decisively indicates that the spleen is the major antibody-forming organ.
The consistent presence of globules, containing Ig associated with the Golgi complex, indicates their derivation from the complex. Localization of Ig in such globules was previously demonstrated immunocytocheically in mouse lymph nodes (TOMONAGA and SCHOEFL, 1975) . It is presumable that Ig molecules are processed in sugar moieties in the Golgi lamellae, then transported to cell surfaces via those globules, and finally released out of the cell by exocytosis (UHR, 1970; ZAGURY et al., 1970; TOMONAGA and SCHOEFL, 1975) . It seems worthy to note here that exocytosis as described above seems the principal and common mechanism for Ig secretion in all species of vertebrates.
One of the most remarkable findings in the present study is that the major cellular constituent of the white pulp was plasma cells and that the lymphocyte population was unexpectedly small, indicating active Ig synthesis therein, and that so-called B cell lineages represent a dominant cell population in the white pulp. We assume that younger skates may have more lymphocytes because we observed that embryonic spleens had only small numbers of Ig-producing cells and lymphocytes formed the major cellular constituent of the white pulp . It is largely obscure as to whether cells other than Ig producing cell lineages contribute to immune reactions in the spleens of elasmobranchs. Clearly appropriate cell markers must be defined to answer this basic question.
Recently autoantibody production in elasmobranchs was reported by MARCHALONIS and his colleagues (1991) . It is thus interesting to analyze the content of autoantibodies in Aleutian skates which have an extraordinarily developed plasma cell series. In conjunction with autoantibodies in fishes, it is important to note that, in certain elasmobranchs, numerous lymphocytes have been found to infiltrate into the thyroid gland (HONMA et al., 1987) and pancreas (our unpublished data). Studying the immune system of elasmobranchs seems important not only to establish the evolutionary aspect of immunity, but also to develop a primitive model-experiment system for research into human autoimmune diseases.
